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Abstract
Longleaf pine (Pinus palustris) savannas have been reduced to a small percentage
of their original range in the southeastern United States. These savannas are fire-reliant
and require frequent, low-intensity fires to maintain understory plant diversity. Currently,
many landowners rake pine litter off the forest floor of longleaf pine savannas for
subsequent sale in horticulture. Though raking is a common practice, little is known
about the effects of raking on the understory plant community, the soil seed bank, or fire
intensity. I conducted my research in two longleaf pine savanna sites where raking has
occurred.
At the McCain Forest Management Area in Hoke County, North Carolina, I
investigated the effect of raking on the understory plant community and soil seed banks. I
hypothesized that raked areas would have lower species richness and percent cover of
understory species than unraked areas. I also hypothesized that raked areas would have a
less dense soil seed bank than unraked areas. I worked in five sites (in two study areas) at
the McCain Forest Management Area with various raking and burning management
histories. Ten plots were established in each study site to estimate understory cover and
community composition. Soil samples were taken from each plot twice, four months
apart, and soil samples were spread across pots, placed under lights, and monitored for
germinants. No differences in species richness or total understory cover were found
between raked and unraked sites. The cover of wiregrass (Aristida stricta) was higher in
the raked site than the unraked site in one study area. Moderate differences in the cover
of wiregrass and dwarf huckleberry (Gaylussacia dumosa) were found in the other study
area. A total of 24 germinants were recorded from both seed bank studies.
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At the Sand Hills State Forest located across Chesterfield and Darlington
Counties, South Carolina, I aimed to determine if pine litter raking affects understory
plant cover, plant size, and fire temperature. I hypothesized that raked stands would have
a lower maximum fire temperature than unraked stands. I placed temperature-indicating
pyrometers in a raked and unraked stand and measured litter depth and size of longleaf
pines, wiregrass, and turkey oaks (Quercus laevis) in each stand. The unraked stand had a
deeper litter depth and larger wiregrass and turkey oak individuals than the raked stand.
Due to extensive pyrometer damage, differences in fire temperature could not be
analyzed.
This study found minimal long-term effects of pine litter raking on the
composition of the understory community and soil seed bank in longleaf pine savannas.
Differences in understory cover found at the Sand Hills State Forest may be due to
differences in fire history between sites rather than raking. This study contributes further
evidence that longleaf pine savannas do not have a dense long-lasting seedbank.
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Chapter 1: Plant Community Composition and Soil Seed Banks
Introduction
Forests cover an estimated 36% of land in the United States (World Bank 2019)
and provide ecosystem services such as carbon sequestration, water purification, habitat
for animals, and recreation (Engel et al. 2008). Due to the importance of forests and the
current extent of habitat modification and deforestation, management techniques are
being implemented to maintain forests (Sax and Gaines 2003). Current forest
management practices include thinning, the use of herbicides or pesticides (Norsworthy
et al. 2012), and prescribed burning to reduce fuel loads, maintain forest structure (Knaap
and Keely 2006), and reduce encroachment of mesophytic species (Harrington and
Edwards 1999). Due to decades of fire suppression and resource exploitation, many
forests have declined in area covered (Baker 1994).
Longleaf pines (Pinus palustris) previously covered an estimated 25-35 million
hectares throughout the southeastern United States (Frost 2007). Due to anthropogenic
practices such as fire suppression, turpentine operations, logging, and unregulated hoggrazing, less than 3% of longleaf pine savannas remain, and many of the patches that
exist are heavily degraded (Frost 1993, Frost 2007). The understory plant communities in
longleaf pine savannas are highly diverse, consisting of graminoids, particularly
wiregrass (Aristida stricta), and forbs, with occasional shrubs (Kirkman et al. 2001,
Walker and Peet 1983). But only a small fraction of longleaf pine savannas remain that
have an understory indicative of an old-growth forest (Noss 1989).
Longleaf pine savannas are reliant on frequent, low intensity fires to maintain
understory plant diversity and vegetation structure (Glitzenstein et al. 1995). Frequent
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fires can increase understory plant species richness and diversity (Brockway and Lewis
1997), and in the absence of frequent fire, fire-sensitive species such as hardwoods can
invade the understory and outcompete fire-dependent species (O'Brien et al. 2008;
Loudermilk et al. 2011). Furthermore, fire moderates the phenology of some understory
species (Platt et al. 1988). For example, fire stimulates the flowering and seed production
of wiregrass (Clewell 1989; Seamon et al. 1989).
Before anthropogenic interference, the source of fires in longleaf pine savannas
was mainly lightning strikes (Fowler and Konopik 2007). Prior to human colonization,
lightning-ignited fires tended to reoccur naturally approximately every two years, on
average (Stambaugh et al. 2011). Management of longleaf pine savannas currently
involves prescribed burning; low-intensity fires are applied relatively frequently in an
effort to mimic historical fire return intervals (Wade et al. 1989).
In some longleaf pine savannas, additional management is implemented in the
form of pine straw (i.e., leaf litter) raking and removal. The color, relatively low cost, and
ease of bailing and use all contribute to the utilization of pine litter in horticulture in the
southeastern United States (Minogue et al. 2007). Thus, pine litter is a source of revenue
for landowners; income for pine litter can range from $50 to $150 per acre annually
(Dickens et al. 2012). Pine litter is typically gathered manually with traditional hand
rakes though mechanical raking with, raking tools attached to tractors, is used in some
areas (Duryea 2000).
Although raking occurs in many longleaf pine savannas and is likely to damage
understory species, the effect of raking on understory plant communities has only been
investigated in one site. Within this site, three longleaf pine-dominated communities were
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subjected to four mechanical raking events over two years (Kelly et al. 2000; Kelly and
Wentworth 2009). Kelly et al. (2000) found that the effects of raking on species richness
varied among longleaf pine-dominated communities and with the number of raking
events; but overall, raking decreased plant species richness in longleaf-pine dominated
scrub oak communities, had no effect on richness in dry savannas, and increased richness
in mesic savannas. These three communities are defined by their differing understory
composition. Kelly et al. (2000) also found that raking can remove live vegetation, which
suggests that raking could have negative impacts on understory species cover.
Furthermore, Kelly and Wentworth (2009) found that raking had a negative effect on
longleaf pine seedling density. They suggested that mechanized raking equipment could
affect seedling survival directly, by damaging or killing seedlings, or indirectly, by
altering microhabitat characteristics (Kelly and Wentworth 2009). While raking can
negatively affect species richness (Kelly et al. 2000) and pine seedling density (Kelly and
Wentworth 2009) over the short term after raking, nothing is known about how raking
might affect understory plant communities over a longer time scale.
Pine litter raking may also influence soil seed banks, which are a source of seeds
for future germination (Traba et al. 2004). In fact, seed banks consistently have higher
species diversity than the aboveground plant community (Vandvik et al. 2016). Dispersed
seeds typically settle in the top 3 cm of soil. Seed germination occurs after requirements
such as soil moisture (Doneen and MacGillivray 1943; Fay and Schultz 2009) or light
and temperature (Toole et al. 1955; Khan and Gulzar 2003) thresholds are met. Pine litter
maintains soil moisture levels (Ginter et al. 1979), such that litter removal may result in
lower soil moisture that is not ideal for seed germination. Cox et al. (2004) suggested that
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native understory vegetation in longleaf pine savannas could be restored through natural
regeneration after a prescribed burn if a native species soil seed bank exists. However,
Ruth et al. (2008) found that southern longleaf pine savannas with no history of raking do
not have dense or long-lasting soil seed banks, indicating that the seed bank should not be
depended on for restoration of understory species. The removal of pine litter may result
in the loss of seeds that are trapped within the litter, reducing the total number of seeds
reaching the soil, which could result in an even less-dense soil seed bank in raked
longleaf pine savannas.
The objective of this research was to investigate the effects of pine litter raking on
the composition of the understory plant community and soil seed bank in longleaf pine
savannas. I hypothesized that raked areas would have lower species richness and lower
percent cover of understory species than unraked areas. I also hypothesized that soil seed
banks in raked areas would have a lower abundance of seeds than seed banks in unraked
areas.
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Methods
Study site
I conducted my field study at the McCain Forest Management Area (MCFMA) in
Hoke County, North Carolina. The MCFMA comprises approximately 1,700 acres of
naturally regenerated longleaf pine (Pinus palustris) forests, which are called sandhills or
savannas. Longleaf pine savannas are characterized by a basal area comprised of 45-80%
longleaf pine, with a non-continuous canopy (Stokes et al. 2010). Species that are
common in the understory at MCFMA include wiregrass (Aristida stricta), dwarf
huckleberry (Gaylussacia dumosa), bracken fern (Pteridium aquilinum), greenbrier
(Smilax sp.), and turkey oak (Quercus laevis). The longleaf pine savannas at MCFMA are
managed to preserve habitat for the endangered red-cockaded woodpecker (Picoides
borealis) through a combination of prescribed burning, timber harvesting, and herbicide
treatment (NCDA&CS 2020). Additionally, parts of the MCFMA are subject to pine litter
raking, which creates income to support management activities (Sorrie 2004). The
MCFMA is divided into management units, which have different burning and raking
histories. Management units in the MCFMA are raked using hand rakes.

Experimental design
I selected study areas within the southwest (SW) and northeast (NE) sections of
MCFMA. I established study sites in two management units in the SW study area (Figure
1-1). One unit was raked in 2016 and one unit has not been raked; both management units
were last burned in spring 2018 (Table 1). These management units are separated by an
approximately 5 m wide firelane (a minimally vegetated road used as a fire break), and
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the unraked area is located slightly downslope from the raked area. I established study
sites in three management units in the NE study area (Figure 1-1). Two of the units were
raked in 2013, and the third unit has not been raked; this unit spans a firelane. One of the
raked management units was last burned in 2018, while the other two management units
(one raked and one unraked) were burned in March 2019. For the purposes of this study,
the units in the NE study area were designated as raked and unburned, raked and burned,
and unraked and burned (Table 1). The raked management units are separated by an
approximately 10 m wide firelane, while the raked and unraked burned units are not
separated by a distinct firelane.
Within each of the five management units, I randomly established ten 80 x 120
cm plots, which were divided into six 160 cm2 quadrats (Figure 1-2). In the unraked and
burned site in the NE study area, the 10 plots were equally divided across two sides of a
firelane; neither side of the firelane had sufficient area for all 10 plots. Study sites, which
include all plots in the management unit, ranged in size from approximately 1,250 –
3,000 m2. Plots within a site were at least 10 m away from each another. In the SW study
area, the raked and unraked study sites were 85 m apart. In the NE section, the distance
among study sites ranged from 60 to 125 m.

Community composition
In May 2019, I visually estimated the percent cover of litter, bare sand, and each
herbaceous and woody species in each quadrat to the nearest 5% (except for single, small
individuals, which I recorded as 1% cover). Woody species were considered part of the
understory if they were < 1.37 m in height. I also determined vascular plant species
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richness for each plot. I measured litter depth in three of the quadrats in May 2019 and in
the other three quadrats in September 2019. Percent cover and litter depth measurements
were made approximately three and six years after the most recent raking events in the
SW and NE study areas, respectively. Percent cover and litter depth measurements were
made approximately one year after the most recent fire in both SW sites and the unraked
and burned NE site and two months after fire in the remaining NE sites.
In March 2020, to assess the size and density of longleaf pine and hardwood trees,
I established one 20 x 20 m plot in four of the study sites, and I established two plots, one
on each side of a firelane, in the unraked and burned site in the NE study area. The 400
m2 plots were established to include as many of the ten 80 x 120 cm plots as possible; in
the unraked and burned site in the NE study area, each plot included as many of the five
80 x 120 cm plots as possible. I measured the diameter at breast height (DBH; 1.37 m) of
all longleaf pines in each plot and calculated basal area and stem density (Table 1). I also
measured the DBH of oaks (Quercus laevis, Quercus marilandica) > 2.5 cm DBH to
calculate oak basal area. I calculated the density of hardwood stems > 1.37 m tall but <
2.5 cm DBH (hereafter referred to small hardwood stems). In both plots in the SW study
area and one of the unraked and burned plots in the NE study area, I counted the number
of small hardwood stems in the entire 400 m2 plots. Due to high density of small
hardwood stems in the remaining three plots in the NE study area (including the second
unraked and burned plot), I established a 5 x 5 m subplot in each corner of each plot and
counted stems in the subplots (Table 1).

Seed bank
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I conducted two separate studies to assess the soil seed bank in each study site. In
May 2019, I collected four soil samples (1.9 cm diameter x 3 cm deep) from each of three
quadrats (Figure 1-2); the four samples were homogenized to create an aggregate soil
sample for each quadrat. I removed litter from the soil surface before collecting samples.
The soil samples were returned to Winthrop University and evenly spread across the tops
of 5.1 x 5.1 cm pots containing a 2:1 mixture of potting soil (Miracle-Gro® Moisture
Control® Potting Mix) and sand (Sakrete). I randomly arranged the pots in trays and
placed the trays on a metal plant stand under lights with automatic timers set to a 10:14
hour light:dark cycle. This light:dark cycle was chosen to limit the amount of soil drying;
keeping the soils moist underneath the lights was important to facilitate germination. I
included 10 control pots in the trays, which contained only the soil mixture, to confirm
that any seeds that germinated were from the field-collected soil and not the soil mixture.
All pots were watered daily with 35 to 45 mL of water and monitored for germinants. I
rotated trays every two to three days within and among shelves. After 88 days, I stopped
watering the pots and passed the soil samples through a series of sieves (American
Education Products LLC, 2 mm, 0.5 mm, 0.250 mm, 0.125 mm) to search for seeds that
had not germinated.
In September 2019, I collected four soil samples (1.9 cm diameter x 3 cm deep)
from each of the other three quadrats (Figure 1-2); as before, the four samples were
homogenized to create an aggregate soil sample for each quadrat. Due to low germination
in the May seed bank study, I implemented three treatments in the September sampling
event. Soils from one quadrat were collected and treated the same as the soils collected in
May. Soils from another quadrat were collected the same in the field, but I applied a cold
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treatment of 8°C for two weeks by storing the soil samples in a refrigerator. And in the
third quadrat, I did not remove litter from the soil surface before collecting soil, so litter
was included with the soil samples. The soil samples were returned to Winthrop
University, and during the time the cold-treatment soils were in the refrigerator, the
remaining two sets of soil samples were kept in Ziploc bags in a dark box at room
temperature. For all other aspects of the September seed bank study (i.e., pot size, the soil
mixture in pots, control pots, watering regime, light:dark cycle, and tray rotation), I used
the same methods as I did for the May sampling event, which are described above. As
before, after 88 days, I stopped watering the pots and passed the soil samples through a
series of sieves to search for seeds that had not germinated.

Statistical analyses
For all analyses, the plot was the statistical unit (n = 10 per site). I calculated the
mean litter depth for each plot (combining quadrats sampled in May and September). In
order to scale the percent cover measurements from the quadrat level to the plot level, I
summed the percentages for each quadrat and divided the sum by six because each
quadrat accounts for one-sixth of the total plot area. I performed percent cover
calculations for all species together (i.e., total understory percent cover) and for wiregrass
and dwarf huckleberry separately because they were the most abundant understory
species; wiregrass and dwarf huckleberry were found in 38 and 39 of the plots,
respectively (Table 2).
In the SW study area, I analyzed the effect of raking on litter depth using a t-test. I
analyzed differences in litter percent cover, species richness, total understory percent
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cover, percent cover of wiregrass, and percent cover of dwarf huckleberry between the
raked and unraked sites with Wilcoxon rank-sum tests as these data are non-continuous.
In the NE study area, I used an ANOVA to analyze the effect of treatment on
litter depth. I analyzed differences in litter percent cover, species richness, total
understory percent cover, percent cover of wiregrass, and percent cover of dwarf
huckleberry among management treatments using Kruskal-Wallis tests as these data are
non-continuous.
Due to low germination, I was unable to statistically analyze data from the seed
bank studies. Instead, I report total germination.
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Results
Southwest study area
There was no difference in litter depth (t18 = -0.76, p = 0.456; Figure 1-3A) or
litter percent cover (W = 35.50, p = 0.289; Figure 1-4A) between the raked and unraked
sites. Overall, I found 14 species in the understory of the raked site and 20 species in the
understory of the unraked site (Table 2). Species richness did not differ between the
raked (Mdn = 4.0, range = 7) and unraked (Mdn = 4.0, range = 5) sites (W = 46.00, p =
0.787). Total understory percent cover did not differ between the two sites (W = 55.00, p
= 0.733; Figure 1-5A). Percent cover of wiregrass was significantly higher in the raked
site than the unraked site (W = 77.00, p = 0.045; Figure 1-6A). In contrast, there was no
difference in the percent cover of dwarf huckleberry between the raked and unraked sites
(W = 64.00, p = 0.306; Figure 1-7A).

Northeast study area
There was no difference in litter depth (F2,27 = 0.30, p = 0.741; Figure 1-3B) or
litter percent cover (χ2 = 3.54, df = 2, p = 0.170; Figure 1-4B) among sites. Overall, in the
understory, I found 9 species in the raked and unburned site, 9 species in the raked and
burned site, and 11 species in the unraked and burned site (Table 2). Species richness did
not differ among the raked and unburned (Mdn = 3.0, range = 6), raked and burned (Mdn
= 4.0, range = 4), and unraked and burned (Mdn = 2.5, range = 6) sites (χ2 = 3.87, df = 2,
p = 0.145). Total understory percent cover did not differ among the three sites (χ2 = 4.09,
df = 2, p = 0.129; Figure 1-5B). There was a marginal difference in the percent cover of
wiregrass (χ2 = 5.05, df = 2, p = 0.080; Figure 1-6B) and the percent cover of dwarf
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huckleberry (χ2 = 5.55, df = 2, p = 0.062; Figure 1-7B) among sites. Cover of both
species tended to be lower in the raked and burned site than the other sites.
Seed bank
There were only 11 germinants from the soil samples collected in May 2019; five
of these germinants came from burned areas. Similarly, there were only 13 germinants
from the soil samples collected in September 2019; seven seeds germinated in the
untreated soils, five seeds germinated in the cold-treated soils, and one seed germinated
from the soil collected with litter. The 24 total germinants comprised only five
morphospecies. No seeds germinated in the control pots in either the May or September
study, indicating that all germinants came from the field-collected soil. No seeds were
discovered while sieving the May soil samples.
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Discussion
Overall, I found no effects of raking on species richness or the total cover of
understory species. I did, however, find differences in percent cover of wiregrass in both
study areas and marginal differences in percent cover of dwarf huckleberry in the
Northeast study area. Additionally, raking did not affect the composition of the soil seed
bank. This study suggests that raking has minimal lasting effects on the composition of
understory plant communities and soil seed banks in longleaf pine savannas.
The hypothesis that raked areas would have lower species richness than unraked
areas was not supported. My study found no effects of raking on species richness in
longleaf pine savannas; this is consistent with Kelly et al. (2000), which found that raking
had no short-term effect on species richness in a dry longleaf pine savanna, the
community type in their study that is most similar to my study site. However, raking did
cause a decline in species richness in other longleaf pine communities, suggesting that
resource availability may play a role in mediating any negative effects caused by raking.
Raking decreased species richness in scrub oak communities (Kelly et al. 2000), which is
likely drier than pine communities, suggesting that raking may not impact areas with
higher water availability. It is possible that raking did not cause any differences in species
richness in my study due to the short distance between study sites, as they would contain
similar soil moisture levels. Kelly and Wentworth (2009) found that mechanized raking
reduced longleaf pine seedling density. In my study, only one longleaf pine seedling was
found, and it was in a plot in the unraked area. Management units at McCain Forest
Management Area (MCFMA) were raked via traditional hand rakes, which likely cause
less damage to understory species than mechanized raking apparatuses.
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The hypothesis that raked areas would have lower percent cover of understory
species than unraked areas was not supported when considering the entire understory
community. Overall, there was no effect of raking on total percent cover of understory
species (Figure 1-5). Bailey (2015) stated that both mechanical raking and hand raking
may result in damage of ground cover species. Kelly et al. (2000) found that raking
selectively removes both wiregrass and shrub biomass. The lack of differences in total
percent cover in my study suggest that if some understory species are damaged or
removed via raking, other understory species are able to take advantage of newly open
spaces. It is also possible that the lack of differences in total percent understory between
raked and unraked sites are due to similarities in resources, such as soil moisture and
sunlight. The sites within each section of MCFMA have similar basal area of longleaf
pine, which suggests that there are relatively equal amounts of resources for understory
species to utilize. Eriksson and Ehrlén (1992) suggested that species recruitment is
limited by seed availability and microsite conditions, including soil moisture and soil
nutrient content. Assuming understory species seed abundance is relatively constant
across sites, similar limitations in resources may lead to near-equal species recruitment
and understory cover.
At the species level, raking had marginal effects on percent cover, but in the SW
study area, in contrast to my hypothesis, percent cover of wiregrass was higher in the
raked site than in the unraked site (Figure 1-6A). This suggests that hand raking does not
negatively damage wiregrass; in contrast, Kelly et al. (2000) found that mechanized
raking selectively removed wiregrass biomass. Hand raking may open up space on the
forest floor, allowing for wiregrass individuals to more easily propagate sexually via
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seedlings or asexually via resprouting post-fire. Fowler (1988) found that any amount of
litter cover negatively affects seedling survival rate in red three-awn (Aristida longiseta)
in a grassland ecosystem. It is also possible that raking has negative effects on shrubs and
ferns (e.g., Ilex glabra and Pteridium sp.) as they were only found in unraked areas. The
lack of cover provided by ferns and shrubs in the raked area may result in higher amounts
of sunlight available for wiregrass. Alternatively, the site characteristics could have
influenced how the site has been managed. The raked site had a slightly higher basal area
and density of longleaf pine than the unraked area (Table 1), and could have been viewed
as having a higher potential pine litter output. This increased longleaf pine basal area
might have played a role in the higher cover of wiregrass as raking would have opened up
room on the forest floor. It is equally likely that the raked area was chosen for raking due
to it having a high percent cover of wiregrass, as it is easily raked around.
Effects of raking at the species level in the NE study area partially supported my
hypothesis that raked areas would have a lower percent cover of understory species than
unraked areas (Figure 1-6B and 1-7B). The raked and burned site had the lowest mean
percent cover of both wiregrass and dwarf huckleberry; this result is likely due to the
combined effects of raking and burning. Raking may cause direct injury to individuals
(Kelly and Wentworth 2009), while fire and associated smoke can negatively affect the
living tissue of plants, resulting in either immediate death or delayed mortality from
sustained damage (Fites-Kaufman et al. 2006). Raking and burning apply different types
of pressures on individuals, which may have cumulative effects that led to reduced cover
of wiregrass and dwarf huckleberry in the raked and burned site in the NE study area.
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Kelly et al. (2000) assessed community composition multiple times post-raking
over a two-year period. In comparison, I only assessed community composition once, at
three years and six years post-raking in the SW and NE study areas, respectively. If there
were any short-term effects of raking on species richness and understory composition at
MCFMA, three to six years was likely enough time for any short-term effects to be
remediated through the natural reproductive processes of understory species. The
relatively long-time post-raking (three to six years) is likely why there were no
differences in litter depth (Figure 1-3) or litter cover (Figure 1-4) between raked and
unraked sites in my study areas. There was likely sufficient time for pine needles to fall
and cover the forest floor with litter. Fowler (1988) suggested that litter cover can
negatively impact seedling survival. The impact of litter cover on seedling survival in
conjunction with the lack of differences found in either litter depth or litter cover may
suggest that understory composition of longleaf pine savannas is regulated by the amount
of litter on the forest floor.
While not analyzed statistically, my data suggest that the hypothesis that soil seed
banks in raked areas would have a lower abundance of seeds than seed banks in unraked
areas was not supported; there was very low germination from soils from all sites,
regardless of raking history. Based on a buried seed bag experiment, Coffey and Kirkman
(2006) suggested that several understory species, including wiregrass, form only transient
or short-term seed banks. Wiregrass showed no sign of a soil seed bank four years postburial (Coffey and Kirkmann 2006). McGee (1996) suggested that wiregrass seeds have
no dormancy mechanisms and germinate as soon as their biological requirements are met.
Wiregrass seeds only require oxygen, water, and a temperature that is above 10 °C to
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induce germination (McGee 1996). Wiregrass experiences an increase in flowering and
seed germination post-fire (Clewell 1989; Seamon et al. 1989). The sites in this study
were last burned in the spring of 2018 or 2019. Thus, it is likely that any seeds generated
from wiregrass post-fire had already met their germination criteria and would not be
present in the soil seed bank. Some understory species, such as Lespedeza spp., may be
unable to generate a dense, long-term seed bank due to their inability to create a hard
seed coat to facilitate seed longevity (Coffey and Kirkman 2006). Cohen et al. (2004)
found that disturbed longleaf pine sites had approximately 2.5 to 6.5 times more seeds in
their soil seed banks than non-disturbed longleaf pine sites. The disturbed sites have
undergone transformation into loblolly pine (Pinus taeda) plantations and contain
understories that have different species composition than the understory of a firedependent system. This suggests that the understory of a fire-dependent system does not
generate a substantial seed bank. Ruth et al. (2008) determined that soil seed banks are a
poor source of regeneration of plant species in longleaf pine flatwoods due to a low
density of seeds. My study provides further evidence that longleaf pine savannas contain
a small, short-lived seed bank.
Although pine litter raking did not have strong effects on understory cover and
did not affect soil seed bank composition in this study, pine litter raking can affect other
components of longleaf pine ecosystems, with possible indirect effects on understory
plant community composition. For example, litter removal increases water stress (Ginter
et al. 1979) and reduces growth (McLeod et al. 1979) of longleaf pines. These stressors
could negatively affect pine needle production and subsequent litterfall to the forest floor,
which could affect understory species through reduced nutrient inputs. Pine litter also
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protects the underlying soil from erosion (Duryea 2000), which may impact understory
species cover as understory species may not be able to remain anchored to the soil or
seeds may get washed away. Additionally, pine litter removal can affect the community
composition of arthropods that live within the soil layer below the litter (Ober and
DeGroote 2011). Soil mixing performed by arthropods results in a more nutrient-rich soil,
which may better facilitate seedling survival and growth of both longleaf pines and
understory species (Lavelle et al. 2006).
Because the range of longleaf pines has been drastically reduced over the last
century, it is critical that extant longleaf pine savannas are successfully maintained. My
study supports the theory that seed banks are not an optimal method of longleaf pine
savanna restoration. Furthermore, my study suggests that the removal of pine litter via
hand raking does not have negative long-term effects on the composition of understory
communities or soil seed banks in longleaf pine savannas. Nonetheless, forest managers
and landowners should consider the potential for short-term effects of pine litter raking,
which might have cumulative effects during times of environmental stress such as a
drought. Kelly et al. (2000) found that raking had varying effects on species richness
based on longleaf pine community type. Community type and resource availability
should be evaluated before raking is implemented in order to limit any negative effects.
Landowners should also consider the economic benefit received from the sale of pine
litter against the potential costs of raking.
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Chapter 2: Plant Size and Fire Temperature
Introduction
Longleaf pine (Pinus palustris) savannas are pyrogenic ecosystems in the
southeastern United States, and they require frequent, low intensity fires to maintain
understory biodiversity (Glitzenstein et al. 1995) and reduce encroachment of hardwood
species (Harrington and Edwards 1999). Longleaf pine savannas historically burned, on
average, approximately every two years (Stambaugh et al. 2011). Turkey oaks (Quercus
laevis), one of the dominant hardwood species in longleaf pine savannas, can resprout
after fire but can also benefit from fire exclusion because fire can limit their growth
(Provencher et al. 2001). Foresters utilize controlled burns to maintain the diversity and
structure of longleaf pine savannas (Bailey 2015).
In many longleaf pine savannas, pine straw (i.e., leaf litter) is raked off the ground
and removed from the forest. Raking is not a management strategy to preserve vegetation
structure and diversity; rather, the pine straw is removed and sold for economic benefit
(Duryea 2000). In some cases, income from pine straw is used by landowners for
conservation practices. The removal of pine litter from the forest floor reduces the
amount of pyrogenic material that would otherwise be present as a source of fuel in fires
(Dell et al. 2017).
Fire temperature can be used as a measure of fire intensity, which influences the
flowering and reproduction of understory species such as wiregrass (Aristida stricta)
(Seamon et al. 1989). The range of temperatures that have been recorded during fires in a
longleaf pine savanna range from approximately 60 °C to 600 °C (Platt et al. 2016).
Experimental manipulations of pine litter indicate that more litter leads to higher fire
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temperatures (Ellair and Platt 2013; Platt et al. 2016). The reduction of available fuel via
raking might reduce maximum fire temperature, allowing for the proliferation of
unwanted shrub cover and hardwood growth in raked areas. However, the effect of pine
litter removal on fire intensity has not been studied in a natural raking management
system.
It is important to understand the effects of raking to successfully manage
endangered longleaf pine savannas. The objective of this study was to determine if pine
litter raking affects fire temperature. I hypothesized that raked areas would have a lower
maximum fire temperature than unraked areas.
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Methods
Study site
This study was conducted at the Sand Hills State Forest (SHSF), which is located
across Chesterfield and Darlington Counties in South Carolina. The state forest spans
over 46,000 acres, and the forest is managed for the conservation of native longleaf pines.
Management practices at SHSF include prescribed burns, herbicide treatments, and
thinning (SCFC 2020). The SHSF is divided into tracts that are subdivided into stands.
The SHSF partially supports management costs through the sale of “pine straw
enhancement” contracts, which allow individuals or companies to rake pine litter off the
forest floor of a specific stand for subsequent sale.
To determine if there were any differences in fire temperature between raked and
unraked areas, I selected two stands within the same tract (Tract 11) with different raking
histories. The raked stand (Stand 47) was under a pine straw enhancement contract from
2015 through 2018 and was raked twice during that time. The unraked stand (Stand 62)
has not been raked within at least the last five years. The unraked stand was burned on
January 21st, 2020 and the raked stand was burned on February 10th, 2020. Prior to these
burns, the raked stand was last burned in 2019 and the unraked stand was last burned in
2018. The raked and unraked stands are separated by an approximately 10 m wide sand
road.

Fire temperature
I used pyrometers to measure fire temperatures in each stand. I placed 54
pyrometers in the raked stand and 60 pyrometers in the unraked stand (N = 114).
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Pyrometers were created by painting 1.9 x 9.5 cm size copper tags (Forestry Suppliers)
with a series of temperature indicating paints. I used Tempilaq paints with the
temperature thresholds 79 °C, 135 °C, 177 °C, 232 °C, 288 °C, 343 °C, 399 °C, 454 °C,
566 °C, and 1,100 °C. These temperatures cover the range of fire temperatures observed
in longleaf pine savannas (Platt et al. 2016). When a paint is exposed to its temperature
threshold it changes in appearance from matte to shiny, which allows for determination of
the minimum maximum fire temperature (Figure 2-1A). Minimum maximum fire
temperatures are determined by finding the highest paint temperature threshold that was
met and the next paint temperature threshold that was not met. The actual fire
temperature to which the pyrometer was exposed lies between those two temperature
thresholds. After the paints dried, I stapled a copper tag to the tag with the paints,
enclosing the paint between the copper tags. I wrapped the pyrometers in aluminum foil
to prevent water damage. The aluminum foil can raise the temperature at which the paints
will melt, so it is necessary to use a correction factor to determine melting temperature
(Drewa et al. 2002).
Within each stand, I haphazardly found areas with a longleaf pine, a wiregrass
clump, and a turkey oak individual within 2 m of each other, and placed the pyrometers
in groups of three; one each under each plant species. I placed 18 grouped sets of
pyrometers in the raked stand and 20 grouped sets of pyrometers in the unraked stand.
Pyrometers were placed 10 cm from the base of longleaf pine individuals, 5 cm from the
edge of the base of the clump of stems for wiregrass individuals, and within the center of
turkey oak stem clusters. Pyrometers were placed on the north side of all individuals to
control for the direction that fire may approach the pyrometer.
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I measured litter depth and vegetation characteristics at pyrometer locations. I
measured the diameter at breast height of each longleaf pine individual under which a
pyrometer was placed. I measured the longest axis and perpendicular axis of wiregrass
individuals to calculate the area that wiregrass individuals covered. I counted the number
of stems of each turkey oak individual. To calculate the area that a turkey oak individual
covered, I measured the longest axis that the individual spanned and the perpendicular
axis, encompassing all stems. Additionally, I measured the height of the tallest stem of
turkey oak individuals.
The pyrometers were place in the unraked site on December 17th, 2019, which
was 27 days before the site was burned. I collected the pyrometers from the unraked site
11 days post-burn, on February 1st, 2020. Pyrometers were placed in the raked site on
February 1st, 2020, which was nine days before the site was burned. I collected the
pyrometers from the rake site four days post-burn on February 14th, 2020. During the
post-fire pyrometer collections at turkey oak locations, I counted the number of turkey
oak stems that appeared to still be alive.

Statistical analyses
To analyze differences in pine DBH, wiregrass cover, turkey oak cover, and
turkey oak height between the raked and unraked stands, I used t-tests. Wiregrass area
and turkey oak area were log10 transformed to meet parametric assumptions. Litter depth
could not be transformed to meet the assumption of normality, so I used a Wilcoxon
rank-sum test. I also used a Wilcoxon rank-sum test to analyze differences in the number
of turkey oak stems per individual between raked and unraked stands.
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Results
The raked stand had a significantly shallower litter depth than the unraked stand
(W = 2335.5, p < 0.001; Figure 2-2). The diameter at breast height (DBH) of longleaf
pines did not differ between stands (t35 = -1.63, p = 0.113). The mean DBH of longleaf
pines in the unraked area was 37.3 cm (95% CI = 3.00) compared to 41.1 cm (95% CI =
3.91) in the raked area. Wiregrass covered a greater area in the unraked stand than the
raked stand (t26 = 10.09, p < 0.001; Figure 2-3). The number of turkey oak stems per
individual did not differ between raked (Mdn = 5.0, range = 11) and unraked (Mdn = 7.0,
range = 11) stands (W = 237, p = 0.096). Turkey oaks covered a greater area in the
unraked stand than the raked stand (t36 = 2.81, p = 0.008; Figure 2-4A), but they were
taller in the raked stand than the unraked stand (t36 = -2.32, p = 0.026; Figure 2-4B).
Many pyrometers were damaged (Figure 2-1) from possible water intrusion while
in the field. A method to determine burn temperature for these pyrometers has not yet
been determined.
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Discussion
The pyrometer methodology used in this study is likely not the ideal method for
determining fire temperature, given the limitations I encountered during the course of my
research. The Sand Hills State Forest is a considerable distance from Winthrop
University, so pyrometers had to be placed in the field multiple days before burns
occurred because burns are conducted opportunistically when appropriate weather
conditions occur. Though the pyrometers were wrapped in aluminum foil in an effort to
protect them from environmental damage (Drewa et al. 2002), aluminum foil likely is not
sufficiently protective for long periods of time. Due to the high number of damaged
pyrometers, the hypothesis that raked stands would have a lower maximum fire
temperature was not statistically tested.
This study did find significant differences in understory components between
raked and unraked stands. The unraked stand had significantly higher litter depth and
cover of wiregrass and turkey oaks. While these differences between the raked and
unraked stand could be attributed to the effect of raking, it is equally as likely that the
difference can be attributed to burn history. The raked area was last burned in 2019 and
was not under a pine straw enhancement contract at that point. In comparison, the
unraked area was last burned in 2018 and has no recent raking history. The longleaf pines
in the unraked area had a greater amount of post-burn time to cover the forest floor with
pine needles. Additionally, the understory species in the unraked area have had a greater
amount of post-burn time to cover a greater area. While not measured, differences in
longleaf pine basal area between stands could impact the amount of litter on the forest
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floor; a higher longleaf pine basal area may contribute to greater litterfall (Weigert and
Mink 1972).
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Conclusion
The effects of raking on litter depth and understory cover differed between the
field sites used in this study (McCain Forest Management Area (MCFMA) and the Sand
Hills State Forest (SHSF)), indicating contradictory effects of raking in longleaf pine
savannas. In the Southwest study area at MCFMA, no difference in litter depth was
observed between the raked and unraked sites. In contrast, at SHSF, the raked stand had a
lower litter depth than the unraked stand. While the differences in litter depth between
stands at SHSF could be attributed to a more recent raking activity, it could also be
attributed to a more recent burn in the raked stand compared to the unraked stand. It is
likely that given sufficient time, the raked and unraked stands at SHSF may reach equal
amounts of litter on the forest floor much like the raked and unraked study areas at
MCFMA.
Additionally, I found conflicting results in regard to the cover of wiregrass
between raked and unraked areas at both study sites. At MCFMA, I found a significantly
higher cover of wiregrass (Aristida stricta) in the raked study area than the unraked study
area. This is in direct contrast with the higher cover of wiregrass found in the unraked
stand compared to the raked stand at SHSF. The unraked areas at both MCFMA and
SHSF have very similar management histories; both unraked areas have no recent raking
histories and were last burned in 2018. The raked areas have slightly different
management histories. The raked area at MCFMA was last raked in 2016 and last burned
in 2018, and the raked stand at SHSF was raked twice from 2015 – 2018 and last burned
in 2019. It is possible that wiregrass cover had been greatly reduced in the raked stand at
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SHSF due to the more recent burn, and given adequate time, wiregrass may be able to
take advantage of the open area caused by raking.
Differing management histories – related to both raking and burning – will
undoubtedly lead to differing effects on understory composition and cover. As longleaf
pine savannas only cover a fraction of their historical range (Frost 1993), it is integral that
we understand both the short-term and long-term effects of pine litter raking on these
ecosystems. The contradictory results presented in this study suggest that raking and fire
have interactive effects and that there are factors related to pine litter raking in longleaf
pine savannas that warrant further exploration.
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Table 1. Site management history and mid-canopy (small stem) and overstory (longleaf pine and oak) vegetation
characteristics of each study site in the southwest (SW) and northeast (NE) study areas of McCain Forest Management Area.
All prescribed fires were conducted in the spring. NA indicates that there is no recent raking. Longleaf pine basal area and
density and oak basal area were calculated in 20 x 20 m plots. Density of smaller stems was measured at the plot or subplot (5
x 5 m) level. Smaller stems are > 1.37 m tall and < 2.5 cm diameter at breast height. In the NE study area, the unraked and
burned site measurements are the average of two plots. Oaks include turkey oak (Quercus laevis) and blackjack oak (Quercus
marilandica). Species with small stems include turkey oak, blackjack oak, sassafras (Sassafras albidum), and persimmon
(Diospyros virginiana). Plots were sampled in March 2020, when deciduous species were leafless, so oak basal area and
smaller stem density may include standing dead stems.
Longleaf pine

Section

Site Description

Year

Year of

Last

Last

Raked

Fire

Basal

Density

Area (m2)

(# / m2)

Hardwood species
Oak

Small Stem

Basal

Density

Area (m2)

(# / m2)

SW

Raked

2016

2018

1.26

0.068

0

0.110

SW

Unraked

NA

2018

1.10

0.028

0

0.026

NE

Raked, Unburned

2013

2018

1.00

0.055

0.07

0.010

NE

Raked, Burned

2013

2019

1.09

0.083

0.04

0.140

NE

Unraked, Burned

NA

2019

0.82

0.023

0.01

0.110
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Table 2. Understory vascular plant species found in plots in the southwest and northeast
study areas of McCain Forest Management Area. X indicates a species is present in the
study site. Total number of plots indicates the total number of plots across all study sites
in which the species was found. Species are organized in order of most common to least
common. Species that I was unable to identify in the field are included as unknowns. The
Pinus palustris individual observed was a seedling. Overall, I found 37 vascular plant
species in the understory.
Southwest Area

Species

Family

Raked

Unraked

Northeast Area
Raked

Raked

Unraked

Unburned

Burned

Burned

Total
# of
plots

Gaylussacia dumosa

Ericaceae

X

X

X

X

X

39

Arisida stricta

Poaceae

X

X

X

X

X

38

Pteridium sp.

Dennstaedtiaceae

X

X

X

9

Quercus laevis

Fagaceae

X

Sassafras albidum

Lauraceae

X

X

X

X

Unknown 1
Toxicodendron
pubescens
Smilax sp.

Anacardiaceae
Smilacaceae

X

Vaccinium sp.

Ericaceae

X

Cnidoscolus
stimulosus
Quercus marilandica

Euphorbiaceae

Grass 1

Poaceae

Unknown 11

Fabaceae

X

Clethera alnifolia

Clethraceae

X

Dichanthelium sp.

Poaceae

X

Diospyros virginiana

Ebenaceae

X

X

X

X

9

X

X

8
8

X

X
X

X
X

3
3

X

37

4
4

X

Fagaceae

5

3
X

X

3

X

2

X

2
X

2

Ilex glabra

Aquifoliaceae

X

2

Grass 2

Poaceae

X

2

Unknown 3

X

Unknown 13

Fabaceae

Unknown 15

Euphorbiaceae

2
X

X
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Figure 1-1. Map of study areas established in the southwest (bottom left) and northeast
(top right) sections of McCain Forest Management Area. Dots represent plots. Circles
encompass study sites.
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Figure 1-2. Plot design for percent cover and seed bank measurements. Each 80 x 120 cm
plot was divided into six 160 cm2 quadrats. The circles represent soil samples that were
collected from each quadrat for the seed bank study. Soil samples were collected in May
and September, and samples were combined to create an aggregate sample for the entire
quadrat. Quadrats used in the September sampling event were assigned to one of three
treatments: soil collected same as May, two-week cold treatment at 8°C, or litter
collected with soil.
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Figure 1-3. Mean (+ 95% CI) litter depth in the southwest (A) and northeast (B) study
areas. Open bars indicated raked sites, while gray bars indicate unraked sites. Dashes
indicate recently burned sites.
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Figure 1-4. Boxplots of percent litter cover in the southwest (A) and northeast (B) study
areas. The box represents the interquartile range, and the solid line in the box indicates
the median. The upper and lower whiskers indicate the 90th and 10th percentiles,
respectively. Dots represent outliers. Open bars indicated raked sites, while gray bars
indicate unraked sites. Dashes indicate recently burned sites.

42

Total cover (%)

25

25

A

20

20

15

15

10

10

5

5

0

0
Raked

B

Raked
Raked.
Unburned Burned

Unraked

Unraked
Burned

Treatment

Figure 1-5. Boxplots of total percent cover of understory species in the southwest (A) and
northeast (B) study areas. Specifics of the boxplots, including color and pattern, are the
same as in Figure 1-4.

43

14

Percent cover (%)

12

A

14

*

12

10

10

8

8

6

6

4

4

2

2

0

0
Raked

B

Unraked

Raked
Unburned

Raked.
Burned

Unraked
Burned

Treatment

Figure 1-6. Boxplots of percent cover of wiregrass (Aristida stricta) in the southwest (A)
and northeast (B) study areas. Specifics of the boxplots, including color and pattern, are
the same as in Figure 1-4. * indicates p < 0.05.
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Figure 1-7. Boxplots of percent cover of dwarf huckleberry (Gaylussacia dumosa) in the
southwest (A) and northeast (B) study areas. Specifics of the boxplots, including color
and pattern, are the same as in Figure 1-4.
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Figure 2-1. Comparison of undamaged (A) and damaged (B) post-burn pyrometers.
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Figure 2-2. Boxplots of litter depth in the raked and unraked stands. The box represents
the interquartile range, and the solid line in the box indicates the median. The upper and
lower whiskers indicate the 90th and 10th percentiles, respectively. Dots represent outliers.
* indicates p < 0.05.
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Figure 2-3. Mean (+ 95% CI) wiregrass area in the raked and unraked stands. * indicates
p < 0.05.
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Figure 2-4. Mean (+ 95% CI) turkey oak area (A) and height (B) in the raked and unraked
stands. * indicates p < 0.05.
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